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Abstract

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is one of the most
severe global pandemic due to its high pathogenicity and death rate starting from the end of
2019. Though there are some vaccines available against SAER-CoV-2 infections, we are
worried about their effectiveness, due to its unstable sequence patterns. Therefore, beside
vaccines, globally effective supporting drugs are also required for the treatment against
SARS-CoV-2 infection. To explore commonly effective repurposable drugs for the treatment
against different variants of coronavirus infections, in this article, an attempt was made to
explore host genomic biomarkers guided repurposable drugs for SARS-CoV-1 infections
and their validation with SARS-CoV-2 infections by using the integrated bioinformatics
approaches. At first, we identified 138 differentially expressed genes (DEGs) between
SARS-CoV-1 infected and control samples by analyzing high throughput gene-expression
profiles to select drug target key receptors. Then we identified top-ranked 11 key DEGs
(SMAD4, GSK3B, SIRT1, ATM, RIPK1, PRKACB, MED17, CCT2, BIRC3, ETS1 and TXN)
as hub genes (HubGs) by protein-protein interaction (PPI) network analysis of DEGs
highlighting their functions, pathways, regulators and linkage with other disease risks that
may influence SARS-CoV-1 infections. The DEGs-set enrichment analysis significantly
detected some crucial biological processes (immune response, regulation of angiogenesis,
apoptotic process, cytokine production and programmed cell death, response to hypoxia
and oxidative stress), molecular functions (transcription factor binding and oxidoreductase
activity) and pathways (transcriptional mis-regulation in cancer, pathways in cancer, chemo-
kine signaling pathway) that are associated with SARS-CoV-1 infections as well as SARS-
CoV-2 infections by involving HubGs. The gene regulatory network (GRN) analysis detected
some transcription factors (FOXC1, GATA2, YY1, FOXL1, TP53 and SRF) and micro-RNAs
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(hsa-mir-92a-3p, hsa-mir-155-5p, hsa-mir-106b-5p, hsa-mir-34a-5p and hsa-mir-19b-3p) as
the key transcriptional and post- transcriptional regulators of HubGs, respectively. We also
detected some chemicals (Valproic Acid, Cyclosporine, Copper Sulfate and arsenic trioxide)
that may regulates HubGs. The disease-HubGs interaction analysis showed that our pre-
dicted HubGs are also associated with several other diseases including different types of
lung diseases. Then we considered 11 HubGs mediated proteins and their regulatory 6 key
TFs proteins as the drug target proteins (receptors) and performed their docking analysis
with the SARS-CoV-2 3CL protease-guided top listed 90 anti-viral drugs out of 3410. We
found Rapamycin, Tacrolimus, Torin-2, Radotinib, Danoprevir, Ivermectin and Daclatasvir
as the top-ranked 7 candidate-drugs with respect to our proposed target proteins for the
treatment against SARS-CoV-1 infections. Then, we validated these 7 candidate-drugs
against the already published top-ranked 11 target proteins associated with SARS-CoV-2
infections by molecular docking simulation and found their significant binding affinity scores
with our proposed candidate-drugs. Finally, we validated all of our findings by the literature
review. Therefore, the proposed candidate-drugs might play a vital role for the treatment
against different variants of SARS-CoV-2 infections with comorbidities, since the proposed
HubGs are also associated with several comorbidities.

1 Introduction

The severe acute respiratory syndrome coronavirus (SARS-CoV) is an alarming global health
concern starting from the early 21*' century. Now this virus is known as SARS-CoV-1. The
SARS-CoV-1 is a feverish respiratory tract disease which was first identified in Guangdong
Province, China in 2002. It then spread to 29 countries and was first officially recognized in
March 2003 [1]. This virus is named Coronaviruses (CoVs) because of its characteristic halo
structure under an electron microscope (corona, crown-like). Latin word “corona” means
crown or “halo” and coronavirus particles display a crown-like fringe typically referred to as
“spikes” under electron microscopy. The CoVs are non-segmented single-stranded RNA
viruses covered with envelop which can cause illness ranging in severity from the common
cold to severe and fatal illness or even death. On the basis of serotype and genome, the corona-
virus subfamily is divided into four genera: o, B, Y and which has long been recognized as
important veterinary pathogens that causes severe to lethal respiratory and enteric diseases in
birds as well as mammals. More than 8,000 cases of infection and 774 deaths were reported
worldwide due to the outbreak of this coronavirus (CoV) between March 2003 and July 2003
[2]. During the outbreak, the average mortality rate was around 9.6% [3, 4]. Koch’s postulated
that SARS-CoV-1 was related to pathogenesis and poses a significant threat to human health
[5]. Acute respiratory distress syndrome (ARDS) was developed in 16% of the total SARS-
CoV-1 patients and the mortality rate became 50% of these types of SARS-CoV-1 patients
[6,7].

Consequently, the COVID-19 was officially declared a pandemic by the WHO on 11
March. Currently, the COVID-19 pandemic is a new global health concern worldwide forcing
to adopt lockdown strategies and putting the world health care system in serious crisis with the
economic instability. As of 30 July, 2021, around 4.2 million peoples died out of 197 million
SARS-CoV-2 infections and gradually infected peoples are increasing worldwide. The infec-
tion and death rate were increased exponentially. Current studies have shown that
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SARS-CoV-2 has a genomic structure close to that of other beta-coronavirus [8, 9]. Recent
studies concentrated on genes with SARS-CoV-2 sharing almost 80% nucleotide identity and
89.10% nucleotide similarity with SARS-CoV-1 genes [10, 11]. SARS-CoV-2 is the seventh
known human coronavirus (HCoV) from the same family after the pandemic of 229E, NL63,
OC43, HKU1, MERS-CoV and SARS-CoV-1 [12]. Because, SARS-CoV-1 and SARS-CoV2 has
the great characteristics similarities with respect to its genomic and structural configuration
basis on their genetic homogeneity and proximity confirmed by homology alignment of these
genes sequence, focusing on receptor binding domain, host cell entry and protease activation.
Both of these virus use ACE2 (angiotensin-converting-enzyme2) as entry receptor and human
protease as entry activators [13-15]. The spike protein (S) of SARS-CoV-2 interact with ACE2,
the same receptor used by SARS-CoV-1 and CoVNL63 to enter the host cells in particular
alveolar epithelial cells [16, 17]. This findings surely gives strong evidence that SARS-CoV-1
and SARS-CoV-2 has a link of interaction and might be similar in action in case of infection
and disease. Therefore, therapeutic drugs for SARS-CoV-1 infection might be useful for
SARS-CoV-2 infections also.

Though a number of vaccines including Pfizer, Moderna, Sputnik, AstraZeneca,
Ad5-nCoV, EpiVacCorona, BBIBP-CorV, BBV152, CoronaVac, and WIBP are now available
against SARS-CoV-2 infections and some are in progress [18, 19], we are worried about their
effectiveness due to unstable patterns of coronaviruses. For example, recently we observed that
some already vaccinated people got infected by SARS-CoV-2 in our surrounding. Therefore,
besides the vaccines, different variants of supporting drugs are also required for the treatment
against coronavirus. However, de-novo (new) drug discovery is a tremendous challenging,
time consuming and expensive task due to several steps involved in this process from the target
based drug selection to the clinical validation. Drug repurposing (DR) is a promising approach
to overcome many of those obstacles in discovering and developing new drugs by exploring
the new therapeutic applications of FDA approved known drugs that were established for dif-
ferent diseases. It is considered as the supporting process to the conventional drug discovery.
To explore more suitable repurposable drugs for a new disease, it requires identifying appro-
priate target proteins (biomolecules) associated with the new disease. Both host and viral geno-
mic biomarkers mediated proteins (disease related) are considered as the key drug target
proteins [20-24]. Beck et al. [25] proposed a list of SARS-CoV-2 SARS-CoV-2 3CL protease-
guided repurposable drugs for the treatment against SARS-CoV-2 infections by molecular
docking analysis between few SARS-CoV-2-Spike proteins and FDA approved 3410 anti-viral
drugs. On the other hand, a good number of authors independently proposed several sets of
host genomic biomarkers (target proteins) associated with SARS-CoV-2 infections [26-46].
Some of the articles also suggested few candidate-drugs for the treatment against SARS-CoV-2
infections. But so far none of them compared their results either computationally or experi-
mentally with each other. We reviewed their articles and found that there was not any set of
drug targets/agents that are commonly proposed in all of articles. This type of dissimilarities
may be due to the computational and/or environmental variations. Obviously, a question may
be raised, how a particular vaccine or a drug can be effective commonly for all peoples around
the world. Therefore, in this study, our main objectives are (1) computational identification of
host genomic biomarkers (drug target proteins) for SARS-CoV-1 infections highlighting their
functions, pathways, regulators and associated comorbidities; (2) identification of repurposa-
ble drugs for SARS-CoV-1 infections and (3) validation of the proposed candidate-drugs
against different variants of SARS-CoV-2 infections. The working flowchart of this study is
displayed in Fig 1.
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2 Materials and methods
2.1 Data sources and descriptions

We used both original data and metadata associated with SARS-CoV infections to reach the
goal of this study as described in subsections 2.1.1-2.1.2.

2.1.1 Collection of host microarray gene-expression profiles to explore drug target pro-
teins. We collected gene expression profiling of peripheral blood mononuclear cells (PBMC)
with SARS-CoV-1 infection as original data to explore host genomic biomarkers (drug target
proteins). The dataset was downloaded from the affymetrix human HG-Focus target array
platform under the NCBI Gene Expression Omnibus (GEO) data repository (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE1739) with the accession number GSE1739 [47].
It consisted of 14 samples, where the number of SARS cases was 10 and the number matched
control sample was 4. This dataset was first analyzed by Reghunathan et al. [2005] to under-
stand the host response to SARS-CoV-1 infection from gene expression level [48].

2.1.2 Collection of already published drug agents and target proteins as metadata to
explore commonly effective drugs. We collected SARS-CoV-2 3CL protease-guided top
listed 90 drugs out of 3410 FDA approved anti-viral drugs published by Beck et al. [25] as the
meta drug agents to explore few top ranked host transcriptome-guided drugs against SARS-
CoV-2 infections by molecular docking with our proposed receptor proteins. The 3D struc-
tures of 90 FDA-approved drugs (S1 Table) were downloaded from PubChem database [49].
To evaluate the proposed drugs by cross-validation with the already available target proteins
(published), we reviewed 22 different articles [26-46] associated with SARS-CoV-2 infections
and collected 193 target proteins.

2.2 Integrated bioinformatics approaches

To explore genomic biomarkers highlighting their functions, pathways, regulatory factors and
associated comorbidities, we utilized statistical r-package LIMMA, online databases STRING,
GO, KEGG and DisGeNET, online tools NetworkAnalyst, Kaplan-Meier (KM) plotter and
Cytoscape. To explore genomic biomarker-guided repurposable drugs, we performed molecu-
lar docking analysis by using offline tools (Discovery Studio Visualizer, USCF Chimera,
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PyMol and Autodock vina in PyRx) and online tool Protein-Ligand Interaction Profiler
(PLIP) web service. The detail procedure is discussed below in the subsections 2.2.1-2.2.7.

2.2.1 Identification of differential gene expressions (DEGs). The linear models for
microarray (LIMMA) approach [50] are widely used to identify differentially expressed genes
(DEGs) between two conditions [20-24]. Therefore, we considered the LIMMA approach to
identify DEGs between SARS-CoV and controls samples from microarray gene expression
profiles. In LIMMA approach, the p-value is calculated by using the modified ¢-statistic to test
the significance of differential gene expressions between two conditions. The p-values are then
adjusted for multiple testing using the procedure of Benjamini and Hochberg. Then we con-
sidered the gth gene (g = 1,2,.. ., G) as a differentially expressed gene (DEG) between case and
control groups if its adjusted p,-value<0.05 along with |log,(aFC,)|> 1 by controlling the false
discovery rate (FDR) at 5%, otherwise, it was considered as equally expressed gene (EEG). The
gth gene was considered as upregulated if the adjusted p,-value<0.05 along with log,(aFC,)>
1.5; otherwise, it is said to be downregulated. Here aFC is defined as aFC, = x, /7, (the fold
change of x, with respect to y,), where x, and y, are the averages of expressions of case and
control groups with respect to gth gene, respectively. For example, a change from y, = 3 to
X, = 9 produces aFAg = 3 which is referred to as a "3-fold upregulated in average". Similarly, a
change from y, = 9 to X, = 3 produces aFAg = 1/3 which is referred to as a "3-fold downregu-
lated in average". The volcano plot and hierarchical clustering were used to display the signifi-
cant down-regulated and up-regulated genes and this plot was implemented on the basis of the
Designer canvas package [51].

2.2.2 Protein-protein interactions (PPI) network analysis of DEGs. Protein-protein
interactions (PPIs) are the physical magnetism of two or more protein molecules that occur
due to biochemical reactions steered by hydrogen bonding, electrostatic forces and the hydro-
phobic effect. Generally a protein cannot work without interaction with one or more other
proteins. The PPIs contribute to the formation of larger protein complexes for performing a
specific task [52]. It carries out many molecular functions and biological processes including
protein function, cell-to-cell interactions, metabolic and developmental control, disease inci-
dence, and therapy design. A PPI network is represented as an undirected graph, where nodes
and edges indicate proteins and their interactions, respectively. A node having the largest
number of significant interactions/connections/edges with other nodes is considered as the
top ranked hub-protein. Therefore, the PPI network analyses of DEGs are now widely using to
explore HubGs/proteins. In this study, the PPI network of DEGs was constructed through the
STRING database [53] to detect HubGs. The NetworkAnalyst [54] and Cytoscape 3.8.0 were
used to visualize and perform topological analyses of PPI network. As a cutoff value in PPI,
medium confidence score 900 was used. Topological degree of measurement (> 25) is used to
identify the HubGs within the PPI network.

2.2.3 Functional and pathway enrichment analysis of DEGs. Gene ontology (GO) func-
tional and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment/annota-
tion/over-representation analysis is a widely used approach to determine the significantly
annotated/enriched/over-represented functions/classes/terms (biological processes (BP),
molecular functions (MF) and cellular components (CC)) and pathways by the identified
DEGs. The BP is a change or complex of changes during the granularity period of the cell that
is mediated by one or more gene products for different biological objectives. The MFs are the
biochemical activities of gene products. The CC is a place in a cell in which a gene product is
active. KEGG pathway is a collection of experimentally validated pathway maps representing
our knowledge of the molecular interaction, reaction and relation networks for metabolism,
cellular processes, genetic information processing, organismal systems, environmental
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information processing, human diseases and drug development. We performed HubGs func-
tional and pathway enrichment analysis using the NetworkAnalyst tool with GO and KEGG
databases [54, 55]. A Fisher exact test with the cut-off adjusted p-value <0.05 was applied to
determine the statistical significance of the functional enrichment analysis. Again we per-
formed DEGs for the same analysis (functional and pathway enrichment) using more three
popular tool DAVID [56], EnrichR [57] and Metascape [58] with GO and KEGG databases.
And finally we suggested common significant enriched term (i.e. which terms are statistically
significant and enriched in the every tools) for the reliability of the results.

2.2.4 Regulatory network analysis of HubGs. Transcriptional and posttranscriptional reg-
ulations of genes play the vital roles in a lot of cellular and molecular functions and biological
processes. A gene regulatory network (GRN) shows molecular regulators that interact with each
other to control the gene expression levels of mRNA and proteins. Transcription factors (TFs)
and microRNAs (miRNAs) are considered as the most important molecular regulators of genes.
A transcription factor (TF) is a protein that binds to a specific DNA region (promoter/enhancer)
and regulates gene expression by promoting or suppressing transcription. TFs are considered as
the main players in GRN. A miRNA is a small single-stranded non-coding RNA molecule (con-
taining about 22 nucleotides) that works in RNA silencing and post-transcriptional regulation of
gene expression. There are up to 1600 TFs and 1900 miRNAs in the human genome. The TFs
and HubGs/proteins interaction network is considered as an undirected graph, where nodes
indicate TFs or HubGs and edges represents interactions between TFs and HubGs, respectively.
A TF-node having the largest number of interactions/connections/edges with HubGs is consid-
ered as the top ranked hub-TF regulator of HubGs. We performed the TFs-HubGs interactions
network analysis through JASPAR database [59] to determine the key TFs associated with
HubGs. The key miRNAs which regulate the HubGs in the post-transcriptional level were identi-
fied by the analysis of miRNAs-HubGs interactions with the TarBase [60] and miRTarBase [61]
databases and the interactions were regenerate via NetworkAnalyst [54]. As the regulator of the
identified HubGs, the top miRNAs were selected according to highest topological degree. Again
we performed the same analysis (TFs and miRNAs) using another popular tool EnrichR [57]
with JASPAR and miRTarBase databases. And finally we proposed common enriched TFs and
miRNAs (i.e. which terms are enriched the both tools) for the reliability of the results. Chemical-
HubGs interactions were analyzed from the comparative toxicogenomic database (CTD) to deal
with the growing demand in toxicogenomics [62].

2.2.5 Association of HubGs with comorbidities. To investigate the association of HubGs
with other diseases, we performed diseases versus HubGs interaction network analysis by
using the NetworkAnalyst tool [54] based on DisGeNET [63] database. We also performed
survival analysis based on the expression of HubGs with lung cancer patients by using SurvEx-
press [64] to investigate the association of hubGs with lung cancer, since SARS-CoV-2 samples
were collected from lung tissue. The SurvExpress utilizes the log rank statistic to test the signif-
icance of association.

2.2.6 Drug repurposing by molecular docking simulation. To propose in-silico validated
efficient FDA approved repurposed drugs for the treatment against SARS-CoV infections, we
employed molecular docking simulation between the drug target receptor proteins and drug
agents. We considered our proposed hub-proteins (genomic biomarkers) and associated TFs
proteins as the drug target receptor proteins and SARS-CoV-2-Spike proteome-guided top
ranked 90 drugs out of FDA approved 3410 anti-viral drugs suggested by Beck et al. [25] as
meta drug agents or ligands for docking analysis. The molecular docking simulation requires
3-Dimensional (3D) structures of both receptor proteins and candidate-drugs. The 3D struc-
tures of FDA approved 90 drugs were downloaded from PubChem database [49] seen in the
S1 Table. Interactions between drugs and proteins were calculated based on their binding
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affinities (kcal/mol). AutoDock Vina was used for molecular docking and virtual screening of
drug agents by computing the binding affinities (kcal/mol) [65, 66] between hub proteins and
100 FDA-approved drugs. The exhaustiveness parameter was set to 8. The USCF Chimera and
Discovery Studio Visualizer 2019 were used to generate the structure and to visualize the 2D
protein- ligand interactions [67, 68]. Finally, we cross validated our docking results through
PatchDock webser docking tool [69]. Drug Bank is a specialized database for drug molecular
information, mechanisms of action and drug-target information for >10 000 drugs. Drug
Bank [70] and NCBI-PubChem database [49] was used to collect the information of drugs
such as the mechanism of action and therapeutic indications. Let A;; denotes the binding affin-
ity between ith target protein (i=1, 2, . . ..., m) and jth drug agent (j = 1, 2, . . ..., n). Then target
proteins are ordered according to the descending order of row sums Z}';l Apj=12,.,m,
and drug agents are ordered according to the descending order of column sums } 77", A,
j=1.2,..., n,to select the top ranking few drug agents as the candidate-drugs. Then we vali-
dated the proposed repurposed drugs by molecular docking simulation with the top ranked
receptor proteins associated with SARS-CoV-2 infections that were obtained by the literature
review. To select the top listed receptor proteins associated with SARS-CoV-2 infections, we
reviewed 22 recently published articles [26-46] and selected the top listed 11 receptor proteins.

2.2.7 Phylogenetic analysis of different variants of coronavirus sequences. To investi-
gate the genetic evolutionary relationship among different variants of coronaviruses by phylo-
genetic tree analysis, we randomly selected SARS-COV, MERS-CoV and SARS-CoV-2
genome sequences available in GISAID (https://www.gisaid.org/) and the National Center for
Biotechnology Information GenBank (https://www.ncbi.nlm.nih.gov/) platforms. All the
sequences were aligned by the Neighbor-Joining method through the MEGA 11.0 multiple
sequence alignment software [71]. The pairwise alignment parameters were considered as gap
opening penalty 16, extension penalty 6.67, delay cutoff 35%, and transition weight of DNA
35%; weight matrix IUB with 1000 bootstrap replicates [72]. Nucleotide missing or fragmented
data for every gene were erased. The breakpoints were detected using the phylogenetic incon-
gruence among segments in sequence alignments using GARD.

3 Results
3.1 Identification of differential expression of genes (DEGs)

To identify DEGs between SARS-CoV-1 infected and control samples, we analyzed a publicly
available gene expression dataset (GSE-1739) by using statistical LIMMA approach and identi-
fied 141 DEGs, where 87 DEGs were up-regulated and 51 DEGs were down-regulated. A vol-
cano plot was constructed to display the status of all genes simultaneously, where red color
indicate significant up-regulated, blue color are significant down-regulated genes and black
color indicate insignificant genes. The DEGs were selected with the threshold of adjusted p-
values <0.05 and the absolute of fold change values >1.0 (see Fig 2A). We constructed Heat-
map to observe the performance of DEGs on clustering/classification of samples into case and
control groups through the hierarchical clustering approach (see Fig 2C). We observed that
DEGs were separated into up-regulated and down-regulated groups, and samples were sepa-
rated into case and control groups properly (see Fig 2B). We provided the up-regulated and
down-regulated DEGs in S2 Table for further investigation by the other researchers.

3.2 Protein-protein interactions (PPI) network analysis of DEGs

The PPI network of DEGs was reconstructed through the STRING database using the Networ-
kAnalyst tool in Cytoscape software platform. A topological exploration based on dual-metric
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measurements degree (>10) and betweenness were utilized to determine the highly represen-
tative DEGs/proteins those are also known as hub-DEGs/proteins. The top 11 HubGs
(SMAD4, GSK3B, SIRT1, ATM, RIPK1, PRKACB, MED17, CCT2, BIRC3, ETS1 and TXN)
were highlighted using the larger nodes with pink color (Fig 3 and S3 Table). Among the top
11 HubGs, GSK3B and TXN are down regulated and the rest 9 HubGs are upregulated. The
selected 11 HubGs were considered as the key genomic biomarkers (drug target proteins).

3.3 Functional and pathway enrichment analysis of HubGs

The GO functional and KEGG pathway enrichment analyses of DEGs reflected the biological
processes (BPs), molecular functions (MFs), cellular components (CCs) and pathways that are
highly linked with the COVID-19 infection (Table 1). Among the enriched Go terms (BPs,
MFs and CCs) with DEGs in 4 different databases (NetworkAnalyst, DAVID, EnrichR and
Metascape), 10 BPs (apoptotic signaling pathway, immune response, interleukin-8 production,
leukocyte differentiation, regulation of angiogenesis, regulation of apoptotic process, regula-
tion of cytokine production, regulation of programmed cell death, response to hypoxia and
response to oxidative stress), 2 MFs (transcription factor binding, oxidoreductase activity) and
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Fig 3. PPI network of DEGs. The larger nodes highlighted with pink color indicate the HubGs.
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a CC term (secretory granule) were enriched by involving HubGs. Among the enriched KEGG
pathways, 3 pathways (transcriptional mis-regulation in cancer, pathways in cancer, chemo-
kine signaling pathway) were also enriched by involving HubGs.

3.4 Regulatory network analysis of HubGs

We performed miRNAs-HubGs, Chemicals-HubGs and TFs-HubGs interaction networks and
enrichment analyses to identify the key regulators of HubGs at transcriptional and
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Table 1. Significantly enriched GO terms and KEGG pathways with DEGs by involving HubGs in four different databases that are involved in the pathogenetic pro-

cesses of SARS-CoV infections (p-value <0.05).

GO: BP
Apoptotic signaling pathway

Immune response

Interleukin-8 production
Leukocyte differentiation
Regulation of angiogenesis

Regulation of apoptotic process

Regulation of cytokine production

Regulation of programmed cell death

Response to hypoxia
Response to oxidative stress
GO: MF

Transcription factor binding

Oxidoreductase activity, acting on a
sulfur group of donors

GO: CC
Secretory granule
KEGG pathway

Transcriptional misregulation in
cancer

Pathways in cancer

Chemokine signaling pathway

Involved HubGs by
NetworkAnalyst

RIPK1, SIRT1, ATM

BIRC3, ETS1, RIPK1, SIRT1,
TXN

RIPK1
ATM
ETS1

BIRC3, GSK3B, ETS1, RIPK1,
SIRT1, ATM

BIRC3, SMAD4, RIPK1

BIRC3, GSK3B, ETS1, RIPK1,
SIRT1, ATM

ETS1, SMAD4, SIRT1, ATM
ETS1, SIRT1

ETS1, GSK3B, MED17, SIRT1

TXN

CCT2

BIRC3, ATM

BIRC3, ETS1, GSK3B,
PRKACB, SMAD4

GSK3B, PRKACB

https://doi.org/10.1371/journal.pone.0266124.t001

Involved HubGs by David

GSK3B, SIRT1, RIPK1, ATM

ETS1, RIPK1, PGLYRPI,
PRKACSB, SIRT1, BIRC3

RIPK1
RIPK1, ATM, SIRT1
ETS1, SIRT1

GSK3B, ETS1, SIRT1, RIPK1,
BIRC3

SMAD4, RIPK1, BIRC3

GSK3B, ETS1, SIRT1, RIPK1,
ATM, BIRC3

SMAD4, ATM, ETS1, SIRT1
TXN, ETS1, SIRT1, RIPK1

GSK3B, SMAD4, ETS1, SIRT1,
MED17

TXN

ATM

GSK3B, SMAD4, ETS1,
PRKACB, BIRC3

GSK3B, PRKACB

Involved HubGs by
EnrichR

GSK3B, RIPK1

RIPK1
SIRT1
ETS1, SIRT1

GSK3B, SIRT1, RIPK1,
ATM, BIRC3

RIPK1, ATM, SIRT1,
BIRC3

SIRT1

SIRT1

TXN

CCT2

ATM, BIRC3

GSK3B, SMAD4, ETS1,
PRKACB, BIRC3

GSK3B, PRKACB

Involved HubGs by
Metascape

ATM, GSK3B, RIPK1,
SIRT1

RIPK1
ATM, SIRT1
ETS1, SIRT1

ATM, SMAD4, RIPK1,
SIRT1

RIPK1, SIRT1

ATM, SMAD4, RIPK1,
SIRT1

ATM, SMAD4, SIRT1
TXN, RIPK1, SIRT1

ETS1, GSK3B, SMAD4,
MED17, SIRT1

CCT2

BIRC3, ATM

BIRC3, ETS1, GSK3B,
SMAD4, PRKACB

GSK3B, PRKACB

posttranscriptional levels by using two popular tools NetworkAnalyst and EnrichR. We con-

structed undirected interaction networks between regulatory factors and HubGs as shown in
Fig 4(A)-4(C). In these networks, HubGs were represented by round nodes with pink color
and key regulatory factors were represented by rounds nodes with green color, where larger
number of connectivity’s were represented by the larger node sizes as before. Both the Networ-
kAnalyst and EnrichR (Fig 4 and S4 Table) showed 5 miRNAs (hsa-mir-92a-3p, hsa-mir-155-
5p, hsa-mir-106b-5p, hsa-mir-34a-5p and hsa-mir-19b-3p) as the key regulators of HubGs at
post-transcriptional levels, 6 chemicals (Valproic Acid, Cyclosporine, (6-(4-(2-piperidin-

1-ylethoxy)phenyl))-3-pyridin-4-ylpyrazolo(1,5-a)pyrimidine, Copper Sulfate and arsenic tri-

oxide as the key regulators of HubGs at transcriptional and posttranscriptional levels, and 6
TFs (FOXCI1, GATA2, YY1, FOXL1, TP53 and SRF) as the key regulators of HubGs at tran-

scriptional levels.

3.5 Association of HubGs with comorbidities

To assess the link of our predicted key genomic biomarkers with other diseases, we performed

their interaction network analysis. Fig 5 shows the disease versus HubGs interaction network
analysis results. We observed that ATM gene is associated with 89 diseases including respira-
tory infections, liver carcinoma, bronchiectasis, diabetes, cellular immunodeficiency, fever,
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leukemia, fibrosis; the SIRT1 was associated with 41 diseases including lung injury, autoim-
mune diseases, liver cirrhosis, HIV infections, diabetes, heart diseases; the HubGs MED17,
BIRC3 and ETS1 were linked with 20, 19 and 3 diseases, respectively including infiltrate of
lung, anemia, liver cirrhosis, fever, reperfusion injury, hypsarrhythmia; all these are also con-
sidered as the severe comorbidities for SARS-COV-2 infections (see S5 Table for more
details).
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We also performed multivariate survival analysis based on lung cancer data with HubGs to
assess their connection, since lung diseases are considered as the major risk factors of corona-
virus infections. We observed the significant difference between the low and high risk group in
survival probability (see Fig 6), which indicates that HubGs are significantly associated with
lung cancer.

3.6 Genetic relationship among SARS-CoV-1, MERS-CoV and SARS-CoV-2

According to some recent studies, the genomic structures of SARS-CoV-2 are nearly identical
to those of SARS-CoV-1 [8-11, 13-15]. To test this similarity, we built a phylogenetic tree
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Fig 6. The multivariate survival curves of lung cancer patients based on hub-DEGs.

https://doi.org/10.1371/journal.pone.0266124.g006
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using randomly chosen beta SARS-CoV, MERS-CoV, and SARS-CoV-2 genome sequences
(Fig 7). The tree was divided into four groups (Cluster-1, Cluster -II, Cluster -III, and Cluster
-IV). A whole-genome comparison of SARS-CoV-2 with other coronaviruses revealed 81%,
88%, and 83% similarity to bat-coronaviruses HKU9-1 to 3, bat-SL-CoVZXC21, and MERS-
CoV, respectively. Interestingly, a notable 93% sequence similarity was discovered between the
bat CoV RaTG13 (Rhinolophus affinis) and SARS-CoV-2 (Lineage IV) [73]. Further finding
into host selection demonstrated that the bat CoV RaTG13 is an inner joint neighbor, with
MERS-CoV-Egypt being the closest relatives. The lineage II, on the other hand, revealed a long
branch between SARS-CoV-2 and the close relatives bat HKU9-1, HKU9-2, and HKU9-3 with
sequence similarity less than 90%, implying that these isolates may not be the direct ancestors
of SARS-CoV-2. This suggests that another mammal may have delivered as an intermediate
host from which the insertion was obtained. A related phenomenon was also observed in the
cases of related MERS-CoV and SARS-CoV (from lineage IIT). Because most of SARS-outer
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Fig 7. Phylogenetic analysis of SARS-CoV, MERS-CoV and SARS-CoV-2 (COVID-19) based on Neighbor-Joining method. SARS-CoV and
MERS-CoV highly pathogenic beta coronaviruses along with SARS-like bat coronaviruses closely linked to SARS-CoV-2. Number at nodes indicates
support for bootstrap (100 replicates), and the bar of scale indicates the average number of substitutions per location. The alpha coronavirus HCoV-229E
sequence were considered as the out-group.
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CoV-2’s and inner joint neighbors have bats as their natural host, these findings suggest that
bats would be the most suitable native hosts of SARS-CoV-2.

3.7 Drug repurposing by molecular docking

We considered our proposed 11 hub-proteins (genomic biomarkers) and its regulatory 6 key
TFs proteins that are associated with SARS-CoV-1 infections as m = 17 drug target receptors
and the SARS-CoV-2 3CL protease-guided top listed # = 90 drugs out of 3410 as drug agents/
ligands as mentioned previously in the materials and method section 2.1.2. The 3D structures
of target proteins (SIRT1, GSK3B, BIRC3, SMAD4, ATM, ETS1, RIPK1, PRKACB, TXN,
TP53, GATA2, SRF, and YY1) were retrieved from Protein Data Bank (PDB) [74] with the
PBD codes 5btr, 1i09, 2uvl, 1dd1, 5np0, 2nny, 6nyh, 4wb8, laiu, lalu, 509b, 1hbx, and 1ubd
respectively and the rest MED17, FOXCI and FOXLI target proteins were downloaded from
SWISS-MODEL [75] using UniProt ID of QINVC6, Q12948 and Q12952, respectively. The
3D structures of top ranked 90 FDA approved drug agents were downloaded from PubChem
database [49] seen in the S1 Table. Molecular docking simulations were carried out between
our proposed m = 17 targeted receptor proteins and n = 90 top listed drug agents to obtain
binding affinities for each pair of target proteins and drug agents. Then we ordered the target
proteins in descending order of row sums of the binding affinity matrix B = (B;;) and drug
agents according to the column sums to select top ranked drug agents as the candidate-drugs.
The Fig 8A displayed the image of binding affinity matrix B* = (B}) corresponding to the
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ordered target proteins in Y-axis and ordered drug agents in X-axis. We observed that only
top ranked 7 lead compounds (Rapamycin, Tacrolimus, Torin-2, Redotinib, Ivermectin,
Danoprevir, Daclatasvir) produce significant binding affinities (< -7.0 kcal/mol) with all of
our proposed 17 receptor proteins. To validate the AutoDock-Vina results by an another dock-
ing tool, we cross validated top-ranked 20 candidate-drugs (detected by AutoDock-Vina) by
PatchDock web-server docking tool (Schneidman-Duhovny et al., 2005). The Fig 8B displayed
the image of binding score matrix BA* = (B_ijA*) based on the ordered top-ranked 20 anti-
viral drug agents (from Fig 8A) in X-axis and ordered 17 target proteins corresponding to
SARS-CoV-1 (proposed) in Y-axis. From Fig 8A and 8B, we observed that 7 lead compounds
Rapamycin, Tacrolimus, Torin-2, Redotinib, Ivermectin, Danoprevir and Daclatasvir are com-
mon within the top-ranked 8 compounds detected by AutoDock-Vina and PatchDock, respec-
tively. Therefore, we considered these 7 lead compounds as the most probable candidate-drugs
for SARS-CoV-1 infections.

To validate our proposed 7 candidate-drugs by molecular docking simulation with the
already published target proteins associated with SARS-CoV-2 infections, we reviewed 22 arti-
cles on SARS-CoV-2 infections those provided HubGs (target proteins). We found total 193
HubGs that are published in those articles, but there was not any set of HubGs commonly pub-
lished in those 22 articles (see Table 2). We found only 11 HubGs (MX1, IRF7, NFKBIA,
STATI, IL6, TNF, CCL20, CXCLS8, VEGFA, CASP3, ICAM1) in which each of them was com-
mon within 3-4 articles out of 22. It should be mentioned here that there was not any HubGs
that was commonly published in more than 4 articles. We considered 11 target proteins corre-
sponding to these 11 HubGs to validate our proposed drugs against SARS-CoV-2 infections by
molecular docking simulation. The 3D structures of these 11 (MX1, IRF7, NFKBIA, STAT1,
IL6, TNF, CCL20, CXCL8, VEGFA, CASP3, ICAM1) proteins were retrieved from Protein
Data Bank (PDB) with codes 3szr, 2061, 1nfi, 1bf5, 1il6, 1tnf, 2jyo, 1ikl, 1cz8, 1gfw and 5mza,
respectively. Then we performed molecular docking simulations between our proposed 7 can-
didate and selected top ranked 11 target proteins (published) associated SARS-CoV-2 infec-
tions. Their binding affinity scores (kcal/mol) were visualized in Fig 8C. We observed that
their binding affinity scores ranged between (-12.1 to -7) kcal/mol and average binding affinity
scores were negatively larger than -9.5 kcal/mol which indicates the reasonably significant
binding scores.

Fig 9 shows binding pose of protein-ligand complex for top 4 potential target proteins and
top 3 lead compounds (Rapamycin, Tacrolimus and Torin-2), where top 3 candidate-drugs
(Rapamycin, Tacrolimus and Torin-2) were selected based on their higher binding affinity
scores produced by AutoDock-Vina. The 3D structures of hub proteins with candidate-drugs
are shown in the 4th column. The 2D Schematic diagram of hub protein with candidate-drugs
interaction is given in the 5th column and neighbor residues (within 4 A of the drug) are
shown. Key interacting amino acids are shown in the last column. Fig 10 and Table 3 dis-
played the docking results corresponding to the most significant complexes between drugs
and receptors produced by PatchDock. The Table 4 shows the indications and mechanism of
actions for the proposed repurposable drugs.

4 Discussions

In this study, we analyzed high throughput host gene-expression profiles for SARS-CoV-1
infections to identify key genomic biomarkers (drug target proteins) highlighting their func-
tions, pathways, regulatory factors (TFs, miRNAs and chemicals), associated comorbidities
and repurposable drugs for SARS-CoV-1 infections by using the integrated bioinformatics
approaches. At first we identified 138 DEGs from host gene-expression profiles. Then we
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(proposed) in Y-axis. (c) Image of binding affinity scores based on the ordered proposed 7 candidate-drugs in X-axis and ordered
more common 11 existing target proteins (published) corresponding to SARS-CoV-2 in Y-axis.

https://doi.org/10.1371/journal.pone.0266124.9g008

detected 11 HubGs as genomic biomarkers (SMAD4, GSK3B, SIRT1, ATM, RIPK1, PRKACB,
MED17, CCT2, BIRC3, ETS1 and TXN) by the PPI network analysis of 138 DEGs (Fig 3, S3
Table). These 11 genomic biomarkers were treated as the key players for signal transduction
during disease development. In particular, the key gene GSK3B may lead to the viral replica-
tion, initiation of oxidative stress, and inflammation during SARS-COV-2 infection [76, 77].
Recent studies also demonstrate that GSK3B is a putative therapeutic target to combat the
SARS-COV-2 pandemic [41, 76]. The 2nd key gene SIRT1 is a key regulator of ACE2 levels
[78]. The SIRT1 gene could control viral entry of SARS-CoV and viral replication [79-81]. So,
SIRT1 inhibitors may be a valid solution to treat novel coronavirus. The 4th key gene PRKACB
is strongly linked with SARS-COV-2 infections [82]. The 5th key gene SMAD4 may lead to
successful approaches for SARS-associated coronavirus treatment by targeting the TGF-beta

Table 2. Identification of top ranked target proteins associated with SARS-CoV-2 infections by literature review.

Articles
Wang et al. [26]
Guetal. [27]
Nan et al. [28]
Guetal. [29]
Sardar et al. [30]
Guetal. [31]
Xie et al. [32]
Oh et al. [33]
Vastrad et al. [34]

Prasad et al. [35]
Selvaraj et al. [36]

Satu et al. [37]

Taz et al. [38]
Moni et al. [39]
Islam et al. [40]
Zhou et al. [41]

Ge et al. [42]

Aishwarya et al.
[43]

Saxena et al. [44]
Tao et al. [45]
Zhang et al. [46]

Hub-proteins
CXCL8, CXCL1, CXCL2, CCL20, CSF2
NFKBIA, C3, CCL20, BCL2A1, BID
ALB, CXCL8, FGF2, IL6, INS, MMP2, MMP9, PTGS2, STAT3, VEGFA
CDC20, NCBP1, POLR2D, DYNLL1, FBXWS5, LRRC41, FBXO21, FBXW9, FBXO44, FBXO6
HMOX1, DNMT1, PLAT, GDF1, ITGB1
FLOC, DYNLL1, FBXL3, FBXW11, FBXO27, FBXO44, FBXO32, FBXO31, FBXO9, CUL2
CXCL1, CXCL2, TNF, NFKBIA, CSF2, TNFAIP3, IL6, CXCL3, CCL20, ICAM1
GATAA4, ID2, MAFA, NOX4, PTBP1, SMAD3, TUBB1, WWOX

TP53, HRAS, CTNNBI, FYN, ABL1, STAT3, STATI, JAK2, C1QBP, XBP1, BST2, CD99, IFI35,
MAPKI11, RELA, LCK, KIT, EGRI, IL20, ILF3, CASP3, IL19, ATG7, GPI, S1PR1

STAT1, IRF7, IFIH1, MX1, ISG15, IFIT3, OAS2, DDX58, IRF9, IFIT1, OAS1, OAS3, DDX60,
OASL, TFIT2

MYC, HDAC9, NCOA3, CEBPB, VEGFA, BCL3, SMAD3, SMURF1, KLHL12, CBL, ERBB4,
CRKL

MARCO, VCAN, ACTB, LGALS1, HMOXI1, TIMP1, OAS2, GAPDH, MSH3, EN1, NPC2,
JUND, GPNMB, SYTL2, CASP1, S100A8, MYO10, IGFBP3, APCDD1, COL6A3, FABP5,
PRDX3, CLEC1B, DDIT4, CXCL10, CXCL8

VEGFA, AKT1, MMP9, ICAM1, CD44
MX1, IRF7, BST2
BIRC3, ICAM1, IRAK2, MAP3K8, S100A8, SOCS3, STAT5A, TNF, TNFAIP3, TNIP1
JUN, XPO1, NPM1, HNRNPA1
MMP13, NLRP3, GBP1, ADORA2A, PTAFR, TNF, MLNR, IL1B, NFKBIA, ADRB2, IL6

IGF2, HINT1, MAPK10, SGCE, HDACS, SGCA, SGCB, CFD, ITSN1, EHMT?2, CLU, ISLR,
PGMS5, ANK2, HDACY, SYT11, MDH1, CASP3, SCCPDH, SIRT6, DTNA, FN1, ARRBI,
MAGED?2, TEX264, VEGFC, HK2, TXNL4A, SLC16A3, NUDT21, TRA2B, HNRNPA1,
CDC40, THOCI, PFKFB3

STAP1, CASP5, FDCSP, CARD17, ST20, AKR1B10, CLC, KCNJ2-AS1, RNASE2, FLG
MAPK3, MAPKS, TP53, CASP3, IL6, TNF, MAPK1, CCL2, PTGS2
CXCL10, ISG15, DDX58, MX2, OASL, STAT1, RSAD2, MX1, IRF7, OAS1

List of hub-proteins in which each protein is common with at least 3 articles: IL6, TNF, CCL20, CXCL8, VEGFA,

ICAM1I, IRF7, MX1, NFKBIA, STAT1, CASP3

List of hub-proteins in which each protein is common with at least 4 articles: IL6, TNF

List of hub-proteins in which each protein is common with at least 5 articles: N/A

https://doi.org/10.1371/journal.pone.0266124.t1002
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Fig 9. Top 4 potential targets and top 3 lead compounds (drugs) based on AutoDock-Vina docking results. Three candidate-drugs (Rapamycin,
Tacrolimus, Torin-2) were selected based on their higher binding affinity scores. The 3D structure of hub protein with candidate-drugs is shown in the 4th
column. The 2D Schematic diagram of hub protein with candidate-drugs interaction is given 5th column and neighbor residues (within 4 A of the drug) are
shown. Key interacting amino acids are shown in the last column.

https://doi.org/10.1371/journal.pone.0266124.g009

signaling pathway and drive downstream of virus-induced apoptosis [83]. The TGF-beta sig-
naling pathway connected genes may play key roles in SARS-CoV infection [84]. Recent stud-
ies also demonstrate that the SMAD4 was identified as target hubs for SARS-CoV [85]. The
6th key gene RIPK-I might be involved in the development of acute respiratory distress syn-
drome (ARDS) or acute lung injury connected with SARS-CoV-2 infections [86, 87]. The
RIPK1-dependent cell death activation might be influenced by viral infections [88]. The
RIPK1 associated pathways have potential roles to manage SARS-COV-2 infections [89]. The
7th key gene BIRC3 drives the host response against viral infections [90]. It is involved in the
immune, inflammatory response and other potential SARS-COV-2 related molecular path-
ways [40, 91-94]. The 8th key protein ATM plays a central role in responses to various forms
of DNA damage, immunodeficiency, virus integration, virus replication and virus infection
[95, 96]. The 9th key gene CCT?2 is a potential drug target against SARS-COV-2 infections [93,
97, 98]. The 10th key gene ETS1 is associated with some potential SARS-COV-2 infections
related molecular pathways [99, 100]. Thus we observed that our proposed HubGs are also
strongly associated with SARS-CoV-2 infections and related indications according to previous
researches.

The GO functional and KEGG pathway enrichment analyses of DEGs reflected the signifi-
cant biological processes (BPs), molecular functions (MFs), cellular components (CCs) and
pathways that are highly linked with the COVID-19 infection (Table 1). Among the enriched
BPs, the apoptotic signaling pathway or regulation of apoptotic process directly leads to stop
or slow COVID-19 infection progression [101]. The immune responses is correlated with
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Fig 10. Top 4 potential targets and top 3 lead compounds (drugs) based on PatchDock docking results. The 3D structures of complexes are shown in 2nd
column. The 2D Schematic diagrams of complexes are given in 3rd column and neighbor interacting residues (within 4 A of the drug) are shown in the last

column.

https:/doi.org/10.1371/journal.pone.0266124.9g010

protective immunity against SARS-CoV-2 [102]. The interleukin-8 production is an important
biological function of COVID-19 because interleukin-8 (IL-8) is a potential biomarker to iden-
tify different disease severity and prognosis of COVID-19 patients [103]. The leukocyte differ-
entiation may strongly control the SARS-CoV-2 since it is interconnected with respiratory

Table 3. PatchDock docking results corresponding to the most significant complexes between drugs and receptors.

Complex Name Score' (Geometric shape complementarity score) | Area® (Approximate interface area of the complex) | ACE® (Atomic contact energy)
ATM- Rapamycin 5880 734.00 -686.50
SIRT1- Rapamycin 4888 660.20 -393.97

GSK3B- Tacrolimus 4370 533.70 -272.37
PRKACB- Torin-2 4136 489.50 -160.09

'Geometric shape complementarity score.

*Approximate interface area of the complex.

®Atomic contact energy.

https:/doi.org/10.1371/journal.pone.0266124.t003
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Table 4. Indications and mechanism of actions for the proposed repurposable drugs.

Drug bank or
PubchemID

DB00877

DB00864

CID51358113

DB11779

DB09102
DB00602
DB12323

Proposed
Drugs

Rapamycin

Tacrolimus

Torin 2

Danoprevir

Daclatasvir
Ivermectin
Radotinib

Indication Mechanism of
action

To inhibit suppresses cytokine-driven T-cell proliferation, inhibiting the progression from the G1 to the S Inhibitor
phase of the cell cycle. Activation of cytokines there by inhibiting cytokine production. It is bioactive only
when bound to immunophilins. It is also a potent immunosuppressant.
Tacrolimus is an immunosuppressive drug whose main use is after organ transplant to reduce the activity Inhibitor
of the patient’s immune system. It is also used in a topical preparation in the treatment of severe atopic
dermatitis, severe refractory uveitis. It reduces peptidyl-prolyl isomerase activity by binding to the
immunophilin FKBP-12 creating a new complex which inhibits calcineurin and T-lymphocyte signal
transduction and IL-2 transcription.
Torin 2 is an antiviral drug and DNA-damage response inhibitor as potent blocker of SARS-CoV-2 Inhibitor
replication. Torin-2 also exhibits potent biochemical and cellular activity against PIKK family kinases
including ATM, ATR and DNA-PK. Torin-2 also displayed marked anti-proliferative activity across a
panel of cancer cell lines. Torin2 is used for treatment of cancer.
Involvement in viral replication and suppressive effects on host response to viral infection, a promising Inhibitor
new class of drugs for Novel Coronavirus Infectious Disease (COVID-19), Chronic Hepatitis C Virus
(HCV) Infection
Treatment of chronic HCV (Chronic Hepatitis C Virus) genotype la/b or 3 infection Inhibitor
For the treatment of intestinal strongyloidiasis, onchocerciasis and scabies. Agonist
Treatment of different types of cancer, most notably Philadelphia chromosome-positive (Ph+) chronic Agonist

myeloid leukemia (CML) with resistance or intolerance of other Bcr-Abl tyrosine-kinase inhibitors.

https://doi.org/10.1371/journal.pone.0266124.t004

viral infections [104]. The regulation of angiogenesis plays a crucial role to lead the respiratory
complications such as SARS-CoV-2 [105]. The regulation of cytokine production plays a cru-
cial role as a potential novel biomarker of COVID-19 infection [106]. The SARS-CoV-2
directly is correlated to and contributes to the regulation of programmed cell death [107].

Hypoxia reduces ACE2 expression and inhibits SARS-CoV-2 entry and replication in lung epi-

thelial cells [108]. The hypoxia is a primary pathophysiologic feature and the main cause of
mortality in patients with severe COVID-19 and it accompanies all the stages of the disease

[109]. The response of oxidative stress makes an important contribution to pathogenesis of the
SARS-CoV-2 and other respiratory viruses [110]. Among the enriched MFs, the transcription
factor binding sites present in SARS-CoV-2 are involved in the host interferon response, gene
influencing and pathways with biological functions which can play a crucial role in SARS-
CoV-2[111, 112]. The secretory granule cellular components is also a key biomarker to repli-
cate and entry of SARS-CoV-2 infection respectively [113, 114]. Among the enriched KEGG
pathways, the chemokine signaling pathway is a novel signaling pathway directly involved in
the different stages of SARS-CoV-2 infection and also in regulating SARS-CoV and SARS-
CoV-2 infectious disease [115, 116]. Some common pathways of various cancers are identified
at the host-virus interface of SARS-CoV-2 for rapid drug repurposing to treat infections [89].
The 6 TFs proteins (FOXC1, GATA2, YY1, FOXL1, TP53 and SRF) were treated as the key
transcriptional regulatory factors of HubGs (see Fig 4C). Among them, the TF-protein
GATA2 is associated with Hematopoietic and immune defects which influenced the SARS-
CoV-2 [117]. The TE-protein FOXL1 expression is associated with numerous cancer [118], the
TF-protein TP53 associated with human lung cancer [119] and the TF-protein SRF in related
prostate cancer [120]. The 5 microRNAs (hsa-mir-92a-3p, hsa-mir-155-5p, hsa-mir-106b-5p,
hsa-mir-34a-5p and hsa-mir-19b-3p) were treated as the key post-transcriptional regulatory
factors of HubGs (see Fig 4A and S4 Table). The miRNA hsa-mir-92a-3p miRNA is con-
nected with cell activation in coronary heart disease (CHD) [121]. The miRNA hsa-mir-155-
5p leads to activate B and T cells, and immune function [122]. Recent studies demonstrated
that the miRNAs hsa-mir-106b-5p, hsa-mir-34a-5p and hsa-mir-19b-are also the promising
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therapeutics for SARS-CoV-2 [85, 123]. In this study, we also detected 6 chemicals for both
transcriptional and post-transcriptional regulatory factors of HubGs (see Fig 4C and S4
Table). A recent study reported that valproic acid is a potential therapeutic chemical for the
COVID-19 [124]. Cyclosporine is also considered as a treatment for SARS [125]. Copper sul-
fate also considered as a candidate drug against SARS-CoV-2 [126]. Arsenic trioxide has a piv-
otal role in acute leukemia and leukemia related with COVID-19 [127]. Thus we observed that
the key regulatory factors of our proposed HubGs are also associated with SARS-CoV-2 infec-
tions and related indications according to previous researches.

The disease versus HubGs interaction network analysis revealed that the identified HubGs
are linked with various types of cancers and some other diseases including diabetes and respi-
ratory diseases (Fig 5 and S5 Table) that might increase the suffering level or death rate of
SARS-COV-2 infected patients. We observed that the ATM gene is connected with maximum
number of diseases including respiratory infections, liver carcinoma, Bronchiectasis, diabetes,
cellular immunodeficiency, fever, leukemia, fibrosis in the network compare to other HubGs.
The SIRT1 gene is associated with lung Injury, autoimmune diseases, liver cirrhosis, HIV
infections, diabetes, heart diseases while the MED17, BIRC3 and ETS1 are respectively linked
with 20, 19 and 3 diseases including infiltrate of lung, anemia, liver cirrhosis, fever, reperfusion
injury, hypsarrhythmia, especially which could be a severe comorbidities for the SARS-COV-2
patients. The multivariate survival analysis of lung cancer patients based on expressions of
HubGs indicates their significant associations. Thus from the above discussions, we observed
that our proposed genomic biomarkers (HubGs) of SARS-CoV-1 infections and their regula-
tory factors (TFs, miRNA and chemicals), GO functions and KEGG pathways are also associ-
ated with different diseases including SARS-CoV-2 infections. The involvement of HubGs in
various diseases is indicating that the patients suffering from coronavirus infections may have
greater morbidity and mortality risk than other diseases. The patients having the diseases asso-
ciated with HubGs may have a greater chance to be affected with SARS-COV-2 infections and
their mortality rate might also be significantly higher than normal patients. The phylogenetic
tree analysis (Fig 7) also showed that SARS-CoV-1 and SARS-CoV-2 are genetically closely
related. Therefore, our proposed host genomic biomarkers guided repurposable drugs might
be effective for SARS-COV-2 patients suffering from other comorbidities also.

To explore our proposed genomic biomarkers guided repurposable drugs, we considered
proposed HubGs based 11 key proteins (SMAD4, GSK3B, SIRT1, ATM, RIPK1, PRKACB,
MED17, CCT2, BIRC3, ETS1 and TXN) and their regulatory 6 TFs proteins (FOXC1, GATA2,
YY1, FOXL1, TP53 and SRF) as the drug target receptors and performed their docking simula-
tion with the SARS-CoV-2 3CL protease-guided top ranked FDA approved 90 anti-viral drugs
out of 3410. Then we selected top ranked 7 drugs (Rapamycin, Tacrolimus, Torin-2, Redotinib,
Ivermectin, Danoprevir, Daclatasvir) as the most probable repurposable candidate-drugs for
SARS-CoV-1 infections based on their strong binding affinity scores (kCal/mol) with all the tar-
get proteins (see Fig 8A and 8B). Then, we validated these 7 candidate-drugs against the already
published top ranked 11 target proteins (MX1, IRF7, NFKBIA, STAT1, IL6, TNF, CCL20,
CXCL8, VEGFA, CASP3, ICAM1) associated with SARS-CoV-2 infections by molecular dock-
ing simulation and found their strongly significant binding affinity scores with our proposed
candidate-drugs (see Fig 8C). Among the identified candidate-drugs, Rapamycin is the proto-
typic mTOR (Mammalian Target of Rapamycin) inhibitor drug that can be repurposed at low
dosages for the potential treatment of SARS-CoV-2 infections and autoimmune lymphoproli-
ferative syndrome and synthetized for effective therapeutic use although it has wide range infor-
mation about their activity against the SARS-CoV-2 infections [128-131]. The Rapamysin can
also interact with the spike protein of the SARS-CoV-2 and work in mTOR pathway inhibitors
[132-135]. Tacrolimus is recommended as a potential drug against SARS-COV-2 infections,
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considering the host virus interaction and potential antiviral drug targets with repurposed drugs
[136-139]. Tacrolimus is needed to activate the cellular immune response, possibly for prevent-
ing a cytokine storm in severe SARS-COV-2 and it also showed effective inhibition of viral repli-
cation of SARS-CoV [140-144]. In-vitro or in-vivo, tacrolimus (TAC) was used as
immunosuppressive drugs to treat autoimmune [145]. The Torin-2 kinase inhibitor is consid-
ered as potential therapeutics against SARS-COV-2 which worked in the PI3K-Akt/ mTOR sig-
naling pathway [132, 146, 147]. Additionally, Torin-2 worked in antiviral activities and inhibits
virus replication [148, 149]. The danoprevir is an anti-viral naive and experienced promising
therapeutic option against SARS-COV-2 infections which was confirmed by clinical trial [150-
152]. The Daclatasvir has been initiated in some countries for SARS-COV-2 clinical trials.
Recently, Daclatasvir (DCV) as a potential treatment for SARS-COV-2 patients which is
reported by clinical trial [153-155]. Two studies reported that the Radotinib can be used for the
prevention, alleviation, or treatment of viral respiratory disease. Specifically, the present inven-
tion can be used as a useful antiviral agent for the prevention or treatment of disease caused by
infection of the SARS-CoV-2 and MERS-CoV [156-158]. A molecular docking simulation study
suggested that Ivermectin may be an effective treatment for SARS-Cov2 infections [159].
Another study demonstrated that ivermectin is a safe and effective drug candidate against adult
patients with mild SARS-Cov2 infections [160]. Thus the literature review also supported our
proposed drugs for the treatment against SARS-CoV-2 infections.

5 Conclusion

In this article, we attempted to explore commonly effective supporting drugs for the treatment
against different variants of coronavirus infections. Selection of both drug target proteins and
agents from a large number of alternatives are equally important in drug discovery by molecu-
lar docking. Therefore, firstly, we identified 17 drug target proteins (SMAD4, GSK3B, SIRT1,
ATM, RIPK1, PRKACB, MED17, CCT2, BIRC3, ETS1, TXN, FOXC1, GATA2, YY1, FOXLI,
TP53 and SRF) from a large number of alternatives by analyzing microarray gene-expression
profiles of SARS-CoV-1 infected and control samples based on the integrated statistics and
bioinformatics approaches. Then, we identified our proposed target proteins guided top-
ranked 7 repurposable drugs (Rapamycin, Tacrolimus, Torin-2, Redotinib, Ivermectin, Dano-
previr, Daclatasvir) for the treatment against SARS-CoV-1linfections. Then, we validated these
7 candidate-drugs against the state-of-the-arts top-ranked 11 target proteins (MX1, IRF7,
NFKBIA, STAT1, IL6, TNF, CCL20, CXCL8, VEGFA, CASP3, ICAMI) that are associated
with different variants of SARS-CoV-2 infections by molecular docking simulation and found
their significant binding affinity scores. The literature review also supported our proposed
drugs for the treatment against SARS-CoV-2 infections. Therefore, our findings might be an
effective therapeutic resource for the better treatment against different variants of SARS-CoV-
2 infections with comorbidities, since our proposed target proteins are also associated with
several comorbidities. In the context of already published target proteins and associated repur-
posable drugs for the treatment against SARS-CoV-2 infections, so far, no other researchers
yet investigated the possible efficacy of their suggested drugs against the already published
other different variants of receptor proteins (genomic biomarkers) associated with different
variants of SARS-CoV-2 infections. As covid-19 is a new coronavirus disease, there has been
little research on exploring globally effective drugs. Therefore, our partially unique type
research on coronavirus disease might become more and more important with the availability
of exceeding sets of target proteins. However, our proposed drugs should be further evaluated
in molecular level wet-lab experiments in prior to clinical studies in the treatment of SARS-
CoV-2 infections.
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